Two aspects of the relativistic version of the EinsteinPodolsky-Rosen-Bohm (EPRB) experiment with massive particles are discussed: (a) a possibility of using the experiment as an implicit test of a relativistic center-of-mass concept, and (b) inuence of the relativistic eects on degree of violation of the Bell inequality. The nonrelativistic singlet state average h jã b j i = ã b is relativistically generalized by dening spin via the relativistic center-of-mass operator. The corresponding EPRB average contains relativistic corrections which are stronger in magnitude than standard relativistic phenomena such as the time delay, and can be measured in Einstein-Podolsky-Rosen-Bohm-type experiments with relativistic massive spin-1/2 particles. The degree of violation of the Bell inequality is shown to depend on the velocity of the pair of spin-1/2 particles with respect to laboratory. Experimental conrmation of the relativistic formula would indicate that for relativistic nonzero-spin particles centers of mass and charge do not coincide. The result may h a v e implications for quantum cryptography based on massive particles. In an ideal situation a result of the form jc(a; a 0 ; b; b 0 )j < 2 p 2 indicates that at least some pairs of particles were not prepared in the singlet state and this indicates an eavesdropper. Practical applicability of quantum cryptographic protocols crucially depends on detector eciencies. In typical Bell-type photon pair experiments the eciencies were smaller than 20%. The advent of solid state photodiodes provides eciencies of detection which are much higher [6] but still far from ideal.
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Contemporary applications of the Einstein, Podolsky and Rosen (EPR) correlations [1, 2] and the Bell inequality [3, 4] range from purely philosophical problems to quantum cryptography, computation and teleportation.
In the cryptographic scheme proposed by E k ert [5] Alice and Bob test for eavesdropping by measuring the average of the \Bell observable" c(a; a 0 ; b; b 0 ) = h ĵ a b j i + h ĵ a b 0 j i + h ĵ a 0 b j i h ĵ a 0 b 0 j i (1) whereâ etc. are \yes{no" observables (say, signs of spin for electrons, or planes of polarization for photons). Quantum mechanics predicts that for some choices of such observables one can obtain jc(a; a 0 ; b; b 0 )j = 2 p 2.
In an ideal situation a result of the form jc(a; a 0 ; b; b 0 )j < 2 p 2 indicates that at least some pairs of particles were not prepared in the singlet state and this indicates an eavesdropper. Practical applicability of quantum cryptographic protocols crucially depends on detector eciencies. In typical Bell-type photon pair experiments the eciencies were smaller than 20%. The advent of solid state photodiodes provides eciencies of detection which are much higher [6] but still far from ideal.
An almost ideal experimental scheme has been recently discussed by F ry et al. [7] who propose to replace photons with massive particles (pairs of 199 Hg atoms). Detection eciency is then at least 95% and can be pushed to more than 99%. An obvious drawback of such a communication channel is that it is slow. To make it faster one might be tempted to use relativistic velocities.
It will be shown below that for high velocities one may expect a surprising eect: The amount of violation of the Bell inequality may decrease with growing velocity of the spin-1/2 particles. Alice and Bob must therefore additionally know the velocity distribution of the particle beam. Otherwise they may be confused and \detect an eavesdropper" even though the particles remain in a pure zero-helicity singlet state. The eect is related to the old problem described already in 1930 by S c hr odinger [9] . As is widely known E. Schr odinger examined the behavior of the coordinate operator x associated with Dirac's equation and discovered the oscillatory motion he called the Zitterbewegung. The Zitterbewegung takes place with respect to the center-of-mass position operator x A and this is the operator which should be used to dene a p h ysically meaningful spin operator. The situation is not typical only of the Dirac equation and is not associated with the presence of negative energy solutions as one is sometimes led to believe. The so-called new Dirac equation generalized by Mukunda et al. [11] admits only positiveenergy solutions but the Zitterbewegung is present and the associated center-of-mass operator is algebraically identical to this implied by S c hr odinger's analysis of the Dirac equation [12] . The analysis presented in [11] shows clearly that in order to obtain a physically consistent model of an extended hadron one has to proceed in the way identical to the one chosen in this Letter: First dene the center-of-mass operator Q, then introduce the angular momentum L = Q P , and nally dene spin by S = J L.
In what follows I use a group representation formulation, elements of which can be found in the 1965 papers by Fleming [13] . The group theoretic approach has the advantage of being applicable to any p h ysical system whose symmetry group is the Poincar e group, or whose symmetry group contains the Poincar e group as a subgroup. The formulation is essentially unrelated to the Dirac equation.
Let us begin with generators of the unitary, innite dimensional irreducible representation of the Poincar e group corresponding to a nonzero mass m and spin j.
Their standard form is [14] J = h i p @ @p + s; This operator extends naturally also to massless elds and can be shown to be uniquely (up to subtleties with domains of unbounded operators) derived from symmetry considerations in the case of the Maxwell eld [15] . In the Maxwell eld case, the formula (7) can be regarded as dening a connection on a light cone. A parallel transport with respect to this connection can be shown to generate a Berry phase [16] .
Orbital angular momentum and spin corresponding to Q were given by Pryce and Fleming [17, 13] L = Q P = h i p @ @p + jp 0 j mc jp 0 j s (n s)n 
The eigenvalues of a S are therefore a = j 3 hj(a; p)j (14) where j 3 = j ; : : : ; + j . In the innite momentum/massless limit the eigenvalues of spin in a direction perpendicular to p vanish, which can be regarded as a consequence of the Lorentz attenning of the moving particle (in these limits S = (n s)n). Projection of spin on the momentum direction is equal to the helicity, i.e. p S = p s for any p, and S = s in the rest frame (p = 0). Bacry [18] observed that a nonrelativistic limit of Q leads to a correct form of the spin-orbit interaction in the Pauli equation if one uses potentials V (Q) instead of V (x) [19] ; an analogous eect was described in [20] where the internal angular momentum of the Zitterbewegung leads to spin with the correct g = 2
factor. An algebraic curiosity i s the fact that the components of S satisfy an algebra which i s so(3) in the rest frame and formally contracts to the Euclidean e(2) in the innite momentum/massless limit, and thus provides an interesting alternative explanation of the privileged role played by the Euclidean group in the theory of massless elds [21, 22] .
In spite of all these facts suggestng that both Q and S are natural candidates for physical observables no experimental tests distinguishing them from other denitions of position and spin have been proposed so far. Obviously, it is not easy to test directly Q which, representing the center of mass, may b e expected to couple to the gravitational eld. The spin operator, on the other hand, is responsible for the magnetic moment and should couple to the electromagnetic eld which i s m uch stronger. Consider now a Stern-Gerlach-type measurement involving spin-1/2 relativistic particles and assume that S is the physical internal angular momentum which is measured in this experiment. Assume also that we h a v e t w o spin-1/2 particles in a singlet state (total helicity equals zero) and propagating in the same direction with identical momenta p (to be more precise one should take w a v e packets in momentum space, but for simplicity assume that they are suciently well localized around momenta p, so that we can approximate them by plane waves): j i = 1 p 2 j + 1 2 ; pij 1 2 ; pi j 1 2 ; p ij + 1 2 ; pi : (15) The (17) which is the nonrelativistic result. This case will never occur in a realistic experiment since localization of de-tectors will lead to a momentum spread. If a n 6 = 0, b n 6 = 0 then in the ultrarelativistic case 2 = 1 h ĵ a b j i = ( a n ) ( b n ) j a n j j b n j = 1 (18) independently of the choice of a, b. It is easy to intuitively understand this result: In the ultrarelativistic limit projections of spin in directions perpendicular to the momentum vanish for both particles and spins are (anti)parallel to the momentum. The most striking case occurs if a and b are perpendicular and the nonrelativistic average is 0. Let a b = 0, a n = b n = 1= p 2. Then h jâ bj i = 2 2 2 : (19) This average is 0 i n the rest frame ( = 0 ) and 1 for = 1. Any observable deviation from 0 in an EPRBohm type experiment w ould be an indication that the operators S and Q are physically correct observables and that massive spin-1/2 particles are extended in the sense that centers of mass and charge do not coincide. Fig. 1 shows that (19) describes a relativistic eect that is even stronger than the Lorentz contraction or the time delay (both are proportional to p 1 2 ). One pecularity of Q is that its components do not commute for nonzero
spins. An uncertainty principle guarantees therefore that such a particle cannot be localized at a point [25] , or is extended in some nonclassical sense, a property that cannot be without implications for the renormalization and self-energy problems. The denition of Q implies also that the center of mass does not transform as a spatial component of a four-vector. This apparently counterintuitive result agrees however with the classical analysis of Mller [8, 13] who showed that the center of mass of a spinning classical body is not a component of a four vector. These interesting properties seem unavoidable and can be proved in various ways at both quantum and classical levels (for their classical derivations see [11, 23] ). These results show clearly that the information about the degree of violation of the Bell inequality is not sucient to determine purity of a massive t w o-particle zerohelicity state. Additionally one has to know the momentum distribution of the particle beam.
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